The reactivity of the iron in the four hemes of the mammalian hemoglobin molecule depends largely on the interactions between the prosthetic groups and the amino acid chains of the globin (1, 2) . Normal configuration of heme groups in the abnormal human hemoglobins, therefore, does not preclude anomalies of their oxygen affinity which might arise from aberrations in the globin. In most of the more than 20 recognized abnormal human hemoglobins the amino acid abnormality does not affect the oxygen affinity. Amino acid changes which are remote from groups crucial in the globin-heme interaction do not affect oxygenation. Abnormal oxygen affinities have been reported in hemoglobin H and M. Hemoglobin H contains only the beta and not the alpha chains of normal hemoglobin and exhibits an oxygen affinity ten times greater than normal but has no Bohr effect (3) . Hemoglobin M causes cyanosis apparently due to its inability to combine with oxygen. The pigment may be present in the blood as methemoglobin M or as its nonoxidized precursor (4) .
We have recently encountered a hemoglobin which caused cyanosis due to an abnormally low oxygen affinity. The entire oxyhemoglobin dissociation curve was markedly shifted, but at sufficiently high oxygen tensions the pigment became fully saturated. The oxygen equilibria, spectroscopic and preliminary electrophoretic findings are presented. Since a lowered oxygen affinity of hemoglobin is usually not considered in the differential diagnosis of cyanosis, some reference is made to the methods which lead to its detection.
PROPOSITUS
The patient, a 14 year old white male of normal growth and superior intelligence, has been cyanotic since birth.
* Supported by a grant from the Kansas Heart Association. Presented in part at the National Meeting of the American Federation for Clinical Research, April 30, 1961, in Atlantic City, N. J.
No clubbing, squatting or shortness of breath has ever occurred, but he has had some episodes of weakness after severe exertion. Pulmonary function tests, including diffusion studies, were within normal limits. Hemoglobin was 13.9 g per cent; erythrocytes 4.6 million; reticulocytes 1.4 per cent; red cell morphology normal. Examination of the blood for methemoglobin or sulfhemoglobin was negative. Cardiac catherization, including dye injection studies, revealed on three different occasions low arterial and venous oxygen content but no evidence of cardiovascular abnormalities.
The patient is an only child. His grandparents are deceased; his father's hemoglobin is normal. His mother's hemoglobin showed almost quantitatively the same abnormalities as that of the patient. One brother and sister of the mother as well as one male and one female descendent of the brother have normal hemoglobin A.
METHODS
Arterial and venous blood samples were taken during inhalation of various 02-N2 mixtures. All gas samples were analyzed in an E2 Beckman oxygen analyzer. The oxygen tension of blood was determined with a ClarkSeveringhaus oxygen electrode (5) (Yellow Springs Instrument Corp.) and the oxygen and carbon dioxide of the blood by the manometric technique of Van Slyke and Neill. Blood pH was measured at 370 C in an anaerobic electrode with a Beckman model M pH meter. The determination of the oxygen capacity of the blood under these circumstances required special attention to the following possibilities: 1) the usual equilibration of blood in vitro may not fully saturate the heme pigments in the sample and 2) the spectrophotometric measurements of the hemoglobin concentration may not be valid when dealing with an abnormal pigment with unknown light absorption constants. The total hemoglobin concentration was therefore ascertained by three methods: 1) spectrophotometric hemoglobin iron determination after wet ashing (6) and calculation of the pigment concentration on the basis of hemoglobin iron concentration of 0.335 per cent; 2) gasometric measurement of the oxygen capacity after equilibration of the blood in vitro with oxygen at 200 C (1.34 cc oxygen equivalent to 1 g hemoglobin); and 3) spectrophotometric measurement of the pigment after its conversion into cyanmethemoglobin, applying a millimolar extinction coefficient of 11.5 at 542 mA (7) . Absorption spectra of the undiluted blood after anaerobic lysis with saponin were obtained using a cuvet of 0. Spectrophotometric studies on methemoglobin (MetHb) were made on dilute solutions in phosphate or borate buffer after oxidation of the pigment at pH 6.5 by potassium ferricyanide which was added to the hemoglobin solution in molar ratio of 6 to 1. The percentage of alkaline and acid methemoglobin at a given pH was ascertained according to the method of Austin and Drabkin (7). All pH values were corrected to 0.1 ionic strength. The methemoglobin dissociation was calculated according to the equation pH = pK + log (alkaline MetHb/acid MetHb).
Electrophoretic studies were done on granular or gel starch blocks, cooled with circulating ice water (9) . A current of approximately 40 ma at 250 v was applied. Electrophoresis of oxyhemoglobin, carboxyhemoglobin, methemoglobin and cyanmethemoglobin was studied at pH 8.6 (veronal buffer, 0.05 ionic strength) and at 7.4, 7.05 and 6.5 (phosphate buffer, 0.05 ionic strength).
RESULTS
In vivo oxygen saturation of the blood. While the patient was breathing room air his arterial oxygen tension was normal and ranged between 96 and 104 mm Hg. The oxygen content of the arterial blood, after subtraction of the oxygen in physical solution, increased by about 35 per cent between room air and 100 per cent oxygen breathing, clearly indicating incomplete saturation of the hemoglobin at a usual arterial oxygen tension of 100 mm Hg. After equilibration of the blood in vitro at 20°C with oxygen, its gasometrically and the resultant dissociation curves are presented in Figure 2 . As observed by others (10, 11) , the oxygen affinity of freed hemoglobin was considerably greater than that of intact red cells, a phenomenon probably due to differences in pH, CO. and ionic concentrations in the environment of the hemoglobin molecules. As a dilute hemoglobin solution, normal hemoglobin A required 14 mm Hg PO. to produce 50 per cent saturation versus 40 mm Hg for the patient's hemoglobin. As intact blood, 50 per cent saturation points were at PO2 of 25 mm Hg for the normal control compared with 70 mm Hg for the patient. In other words the patient's hemoglobin in buffer solutions as well as in intact cells required oxygen tensions roughly 2.8 times greater than normal for halfsaturation. Four-hour dialysis of the hemoglobin solutions prior to the equilibration did not materially alter the oxygen equilibria. Hemoglobin solutions prepared from blood of the patient's mother showed a dissociation curve almost identical with that of the patient.
The grossly abnormal shape of the patient's dissociation curve in Figure 2 should be noted. The asymmetry of the curve was not caused by the presence of methemoglobin or by partial denaturation of the hemoglobin. Both conditions, which are common causes of asymmetrical curves, were eliminated by spectroscopic examinations.
The steepness of the normal curve in the plot of oxygen saturation versus log Po2 (Figure 2 ) is related to heme-heme interactions. A numerical expression of the intensity of these interactions can be obtained from Hill's equation: log (y/1OO -y) = log K + n log Po2 where y is the per cent oxyhemoglobin, n is an expression of the heme interactions (n = 1 = no interactions), and K is a measure of the affinity for oxygen. The n value was calculated for the slope in the range of 50 per cent saturation and was 2.6 for normal hemoglobin and 1.1 for the patient's hemoglobin.
The effect of pH on the oxygen equilibria of the patient's hemoglobin was not different from that on the normal control (Figure 3 ). These measurements were made at 280 C and a comparison with measurements at 370 C indicates a somewhat smaller temperature effect on the affinity of the abnormal hemoglobin than on the normal.
Spectroscopy of the native pigments. Spectrophotometric examinations were made with the following objectives: 1) to ascertain the nature of the pigment which remained unoxygenated in the patient's blood in vivo and 2) to obtain ultraviolet absorption spectra with particular attention to signs of possible denaturation of the pigment.
After complete saturation with oxygen in vitro, the blood was quickly hemolyzed and examined in the 0.0087 cm cuvet. Its absorption spectrum was identical with that of normal oxyhemoglobin (Figure 4) . After evacuation at zero oxygen tension, a normal reduced hemoglobin absorption spectrum was found. Arterial and venous blood Figure 5 , were obtained from the hemoglobin preparations used in the study of the oxygen equilibria. They failed to show any indication of denaturation. The peak of the Soret band of oxyhemoglobin was at 415 mu and that of the hemoglobin at 425 m~k. The tryptophan and phenylalanine bands were at the same wave lengths and of similar amplitude as the bands observed in the normal controls.
Absorption spectra of the ferri-hemoglobins. The methemoglobin produced by in vitro oxidation of the hemolysates from the patient and his mother exhibited identical abnormalities ( Figure  6 ). The Figure 7 . The difference in the pK between normal and the patient's pigment is of doubtful significance. The oxidized pigment of the patient reacted quantitatively with potassium cyanide, and the resultant cyanmethemoglobin exhibited essentially normal absorption spectra.
Electrophloretic findings. Starch block electrophoresis of the oxyhemoglobin, carboxyhemoglobin and cyanmethemoglobin preparations did not reveal significant differences in the migration of the patient's pigment in comparison with hemoglobin A, except for a very light A2 component in the patient. On starch block electrophoresis of the methemoglobin form at pH 8.6, patterns were obtained which were identical in the patient and his mother and which could easily be distinguished from methemoglobin A (Figure 8 ). The bulk of the patient's pigment migrated more slowly than methemoglobin A, but it is difficult to decide whether the spot of the latter was entirely vacated. Eluates from this portion gave absorption spectra identical with the main band, and both were indistinguishable from the absorption spectrum of the pigment before electrophoresis. At pH 7.05 and at 6.5 the patient's methemoglobin migrated more slowly toward the cathode than did methemoglobin A. The dissociation of the Fe+..OH2 was not significantly different in the patient's methemoglobin ( Figure 7 ) and the anomalous change in the net charges at alkaline pH therefore reflects differences in the pK of other groups.
DISCUSSION
The lack of hypoxic manifestations in the intensely cyanotic patient is explained by the shift of the entire oxyhemoglobin dissociation curve (Figure 1) The observed low oxygen affinity of the hemoglobin in buffered solutions leaves little doubt that the abnormal dissociation curve of the blood was caused by the properties of the hemoglobin and not by an abnormal environment within the red cell. Abnormal dissociation curves of the blood from subjects suffering from hemoglobin S disease have been reported (12, 13) . The inherent oxygen affinity of hemoglobin S after dialysis was found to be normal, and the abnormal oxygen affinity of the blood has been attributed to dialyzable constituents within the red cell. The buffered and dialyzed hemoglobin solutions from our patients showed lowered oxygen affinities proportional to those found in their whole blood.
Numerous spectroscopic examinations of the native blood as well as of the hemoglobin solutions failed to detect any pigment with spectral characteristics other than those of oxyhemoglobin and hemoglobin. The patient's arterial blood contained 60 per cent oxyhemoglobin. If a significant portion of the remaining 40 per cent were different from reduced hemoglobin, it should have been detectable in spite of the limited accuracy of spectrophotometric analvsis of systems with more than two components.
A shift in the peak of the Soret band to shorter wave length is, according to Jope (14) , one of the most sensitive criteria of denaturation of a hemoglobin. The Soret peak of the oxyhemoglobin from the patient was precisely at 415 my and that of his hemoglobin at 425 myL. Denaturation can not be incriminated, therefore, as the cause of the abnormal oxygen affinity. Although it can be influenced by major changes in the protein carrier, the absorption spectrum in the spectral region betw-een 700 and 350 mp, is primarily a reflection of the configuration of the hemes. The quantitatively normal absorption spectra of both the oxyhemoglobin and the hemoglobin form of the abnormal pigment in this spectral region lends no support to any abnormality in the heme groups. These findings in conjunction with the anomalous electrophoretic mobility implicate the amino acid chains as the probable site of the abnormality. The relatively slight alteration in electrophoretic mobility in no way conflicts with the large abnormality of the oxygen affinity. The former depends upon net electrical charges in the protein molecule and does not necessarily reflect structural abnormalities which alter oxygen affinity.
The shape of the oxyhemoglobin dissociation curve deserves some comment. In the semilogarithmic presentation (Figure 2) The described hemoglobin shows some similarities to hemoglobin M, viz., it causes cvanosis, its oxidized form exhibits spectral abnormalities, and electrophoretic abnormalities can best be demonstrated in its met form. In some cases of hemoglobin M, including the original case of H6rlein and Weber (16) , up to 30 per cent methemoglobin of abnormal spectral characteristics was present in the native blood and accounted for the cyanosis (17, 18) . In the case reported by Kiese, Kurz and Schneider (19) , enzymatic reduction of this methemoglobin fraction yielded a hemoglobin with normal oxygen affinity. If these findings apply generally to hemoglobin M, the primary defect in its oxygen transport function would be its tendency to become oxidized due to structural abnormalities in the molecule, a mechanism quite different from the truly diminished oxygen affinity in our abnormal hemoglobin. In other cases classified as hemoglobin M (20, 21) , including a large number reported in Japan (22) , no oxidized pigment could be detected in the blood. Only in vitro oxidation produced a fraction of the methemoglobin with abnormal spectral characteristics similar to those found in the first-mentioned group. No oxygen equilibria have been reported in these cases, but it is assumed that the pigment present in these cyanotic patients was unable to combine reversibly with oxygen. A comparison of the spectral abnormalities of the met form of hemoglobin M and of the pigment reported here is given in Figure 9 . Since the absolute absorption of both abnormal pigments is unknown, the absorption spectra are presented as the logarithm of optical densities in order to make the shape of the curve independent of concentration. The rather different spectral abnormalities very likely reflect different molecular structure, which is also manifested by their differences in reactivity toward oxygen.
In spite of these significant differences, the vari- 
SUMMARY
A familial human hemoglobin variant is described which caused markedly diminished oxygen saturation of the blood in the presence of normal arterial oxygen tensions. The shift of the entire oxyhemoglobin dissociation curve was due to an abnormally low oxygen affinity of the hemoglobin. The oxygen equilibria of the pigment in buffer solutions revealed a Bohr effect of normal magnitude but probably no heme-heme interactions. The absorption spectra of its oxy and reduced form in the visible and ultraviolet spectral region were those of normal hemoglobin. The alkaline and acid methemoglobin showed spectral abnormalities. On starch block electrophoresis, the methemoglobin form of the pigment migrated more slowly than methemoglobin A. The lowered oxygen affinity is attributed to molecular aberrations in the globin which interfere with normal heme-globin interactions.
